Evaluating lateral compaction in deepwater fold and thrust belts: How much are we missing from "nature's sandbox"?
INTRODUCTION
The thick sedimentary sequences that characterize many of the world's continental margins hold an unstable secret of gravitational collapse, the scale of which has only become apparent through exploration for hydrocarbons in the past 20 years or so (e.g., Rowan et al., 2004) . Although inaccessible, submerged beneath many kilometers of water, these structures are revolutionizing the understanding of the geometry of contractional deformation in sedimentary successions. They are nature's sandbox, large-scale versions of the laboratory physical models currently in vogue in some parts of the structural geology community (e.g., Adam et al., 2005) . Here we examine one wellimaged system to learn more about the large-scale deformation GSA Today, v. 20, no. 3, doi: 10.1130/GSATG77A.1 of poorly lithified sedimentary rocks. Our case study comes from the continental margin of southwest Africa, offshore Namibia. By making independent estimates of the extension and the contraction, we show that there is a considerable amount of deformation that is not accounted for in the imaged thrust belt structures. We discuss how these inferred strains might be accommodated and outline the implications.
Deepwater fold and thrust belts are the down-slope expression of large-scale gravitational failure of submarine slopes (Rowan et al., 2004) . They are paired with extensional structures higher on the slope (Fig. 1) , with the two domains connected by a detachment preferentially located along a weak formation (salt, or, as in our study, over-pressured mudstone). There are two principal attractions for studying thrust systems created by gravity tectonics in deepwater systems. The first is that seismic reflection methods yield images of unrivalled clarity (Fig. 2) . This means many of the ambiguities in structural interpretation are reduced, especially in defining stratal terminations against faults and thereby deducing the geometry and extent of thrust ramps and flats. Kinematic models that describe the relationship between folding, the geometry of stratal surfaces, and the displacement patterns on faults have been refined (e.g., Shaw et al., 2005) and reapplied (e.g., Briggs et al., 2006) in these settings. Second, purely gravity-driven systems are kinematically self-contained. The stratal shortening represented by the contractional structures, including the thrust and folds developed on the lower slopes, must balance the net extension accommodated higher on slopes. This attribute means estimates of the extensional motion can be used to constrain structural interpretations of the contractional domain. Our specific concern is whether the thrust and folds that can be interpreted from the seismic data are sufficient alone to balance the extension. If not, a further strain component is required, the value of which can be estimated. Distributed strains, long known as a component of foreland fold and thrust belts (e.g., Coward, 1988) and recently recognized in physical deformation models of granular Figure 1 . Architecture of gravity-driven thrust systems, based on the Pará-Maranhão basin, offshore Brazil (Zalan, 2005) . The pre-kinematic section is shown in green and has been stacked up into a deepwater thrust belt on the lower slope. Sedimentation has continued (tan-yellow tones) and eventually buried the thrust belt. These syn-kinematic deposits are ponded in fault-related basins within the extensional domain, upslope from the thrust belt. The sediments show characteristic geometry of growth strata, thickening toward the main extensional faults and forming off-lapping depositional wedges that become progressively younger up the slope. Cumulative stratal shortening in the contractional domain should balance the net extension, here shown by the separation of pre-kinematic strata along the main detachment.
aggregates in the laboratory (e.g., Adam et al., 2005) , are commonly ignored in seismic interpretation and are not generally considered in theoretical fold-thrust models (e.g., Shaw et al., 2005) . Estimating the significance of distributed strains on a large scale, and how they might be accommodated, is important for the general understanding of deformation in sedimentary successions, especially those that are only partly lithified. Such deformation can also impact petrophysical properties, especially the performance of hydrocarbon reservoirs (e.g., Zahid and Uddin, 2005) .
GEOLOGICAL SETTING AND REGIONAL STRUCTURE
The regional seismic line used in this study comes from the multi-client 2-D survey VERNOB03 acquired by CGGVeritas in 2003, offshore Namibia. The line is 215 km long and was originally recorded to 8 seconds. The acquisition streamer was 8 km long, with 320 receivers. The seismic profile was processed using modern Kirchhoff pre-stack migration that yields excellent reflector continuity, notwithstanding the structural complexity. The lack of image distortion and amplitude variations associated with structures indicates a simple seismic velocity structure that is a function of depth rather than stratigraphy. The profiles are shown here in seismic two-waytime. The measurements of bed-length and separations across faults are dominantly subhorizontal, so velocity variations are not considered to impact these significantly. Depth comparisons are provided in figure captions. The seismic line (Fig. 3) runs down in the dip direction of the continental margin and Figure 2 . High-quality seismic reflection data reveal thrust and fold structural geometry offshore Namibia. The context is provided on Fig. 3 ; these are the lowest structures on the slope (thrusts 1-6 on Fig. 5A ). This image is ~17 km across and 2.5 s (seismic two-way-time) high, which equates to an approximate vertical exaggeration of 5:1 assuming a constant seismic velocity of 2.7 km/s. Image courtesy CGGVeritas and the Virtual Seismic Atlas.
Figure 3. Regional seismic reflection profile across the continental margin offshore Namibia (see inset) shown in clean and interpreted form. Assuming a mean seismic velocity of 2.7 km/s, the vertical exaggeration is ~7:1. Original image courtesy of CGGVeritas and the Virtual Seismic Atlas.
shows a prominent paired system of extension and contraction bounded top and bottom by undeformed strata. The images shown here are available via the Virtual Seismic Atlas (www. seismicatlas.org) so that readers can inspect the seismic line with and without interpretation.
The regional setting and tectonostratigraphic evolution of the margin, termed the Orange Basin, are described by Paton et al. (2008) and de Vera et al. (2009) . Our study is concerned with deformation in part of the post-rift section. Although there is no well control on the line of section, the stratigraphy on the shelf can be tied regionally to wells on the shelf. Continental rifting in the Late Jurassic and Early Cretaceous led to continental breakup in the Barremian. Once established as a continental margin, a wedge of sediment built out (in places >5.5 km thick), sourced principally from the ancestral Orange River. Paton et al. (2008) note that this post-rift megasequence developed in two distinct phases, separated by a tilting episode that correlates with the deformation studied here. The regional detachment, together with the underlying strata, dips consistently toward the ocean. Thus, the deformation approximates to gravity sliding (Rowan et al., 2004) .
STRUCTURAL INTERPRETATION
The general form of the gravitational deformation system is shown on Figure 3 . The extensional domain is 80 km across, while the thrust belt is 55 km wide. The two domains are separated by a 10-km-wide zone where the seismic imaging and hence structural style is ambiguous. It is possible that this represents a transitional domain of polyphase deformation involving extension overprinting thrusting (de Vera et al., 2009) , as found in other systems worldwide (e.g., Rowan et al., 2004) . In the following discussion, the lack of clearly decipherable structures in this domain represents an interpretational uncertainty but this is considered here to be minor.
Beneath the main system interpreted on Figure 3 is a local patch of deformation, 20 km across. This is a small, paired extensional-contractional system, most likely formed toward the end of the translation on the main detachment above, which is broadly folded by it. The thrust ramp is essentially unmoved, with the anticline in its hanging wall remaining above the footwall ramp. Therefore, although the width of the structure and the structural relief created by it are significant, the amount of down-slope translation accommodated is likely to be rather small (<1 km). It is not considered further.
The structural geometry evident on the interpreted seismic section can be used to estimate the displacements, both in the extensional and in the contractional domain. As Bond et al. (2007) point out, geological interpretations are fundamentally non-unique. Therefore, we spend some time discussing interpretations and limitations. The two deformation domains (extensional and contractional) are considered independently, and the linear values for the two are compared to assess any shortfall Figure 4 . A structural interpretation of the extensional domain, offshore Namibia, as located on Fig. 3 . A. Clean line (courtesy of CGGVeritas and the Virtual Seismic Atlas). B. Interpreted section showing arbitrarily selected correlations across faults and wedges of growth strata (green and blue tones). The base of the growth strata is outlined by the thick blue pick; regional detachment and faults are in red. These sections have a vertical exaggeration of ~ 3.75:1, assuming a constant velocity of 2.7 km/s. C. The same structure with little inferred vertical exaggeration. The maximum extension implied by the separation along the detachment (distance from A-C) is 71 km, reducing to 44 km if the residual pre-kinematic strata is included. See text for further discussion.
in the required deformation. The analysis carries the tacit assumptions of plane strain and that there are no significant dips out of the plane, both of which are reasonable because the profile is perpendicular to regional slope. Figure 4 shows the extensional part of the system. Strata above the detachment are characterized by convex-upward geometries that diverge downward, increasing in dip as they do so, terminating against the system detachment. This pattern is diagnostic of growth strata in extensional systems (Williams, 1993 ; cf. Fig. 1 ). Up-dip, the growth strata are separated by normal faults (at B and C on Fig. 4B ) from subhorizontal reflectors of the undeformed African shelf. Down-dip, the growth strata abut onto the transitional domain at the trailing edge of the thrust belt (A on Fig. 4B ).
The Extensional Domain
Evaluating the extent of growth strata in the extensional domain is important. If the entire stratal volume above the detachment is synkinematic, then the separation between the trailing edge of the thrust belt and the undeformed shelf, as shown on Figure 1 , provides an estimate of the amount of extension. On Figure 4 , this is the distance between points A and B, which is measured at 67 km. Note that if the trailing edge of the thrust belt (A) lies at the top of the stratal package, it would match with a higher position along the detachment (i.e., C on Fig. 4) . Such an interpretation increases the total separation along the detachment to 71 km, a figure that can be considered to represent a maximum plausible estimate of the extension implied by this geological interpretation.
If 71 km represents the maximum value for extension, lower values are obtained if part of the rock volume in the hanging wall to the detachment is represented by pre-rather than wholly syn-kinematic strata. Such uncertainty exists within the geological interpretation because stratal geometries approaching the detachment are obscure. If these ambiguous portions are pre-kinematic, then the additional length of the top of these strata must be subtracted from the total separation value obtained. A conservative interpretation is shown on Fig. 4B , with the picked horizon at the top of possible pre-kinematic strata having an integrated restored length of 23 km. Thus, a conservative value for extensional movement on the detachment is 67 − 23 = 44 km.
Structure of the Thrust Belt
Section balancing has long been a mainstay of structural interpretation in thrust belts. Conventionally, when generating a structural interpretation, mismatches in bed-length are resolved to create a balanced cross section. The final version will be the result of considerable iteration and compromise, trading off lengths of beds, resolving thrust trajectories to create a coherent Figure 5 . Structural interpretation of the thrust belt (A), offshore Namibia, and restoration (B) used to estimate the amount of stratal shortening represented in the contractional domain. The section is shown with no significant vertical exaggeration (assuming a seismic velocity of 2.7 km/s). Thrusts are numbered for reference and do not imply a sequence of formation. The deformed distance between the pin line and trail line 2A (blue horizon) is 58.5 km; its restored equivalent distance is 77 km, so the net contraction is 18.5 km. The deformed distance between the pin line and trail line 2B (green horizon) is 60 km; its restored equivalent is 85 km, so the net contraction is 25 km.
geometric model of the present-day structure. The result may be used to estimate the large-scale shortening accommodated by the structures shown on the cross section, simply by subtracting the length of the final state section from that of its restored counterpart. An unusual strategy is adopted here, showing a cross section that does not balance in its entirety. By showing this "provisional" unbalanced cross section, we reveal interpretation uncertainties that would otherwise become iterated away, potentially implying unwarranted precision in the values for stratal contraction so obtained.
The thrust belt is here restored using two seismic-stratigraphic markers that can be correlated through the system and into the undeformed strata lying farther out on the abyssal plain. For the outer thrust system (thrusts 1-13, Fig. 5 ), the lengths of these two horizons restore to comparable lengths. The position of thrust ramps through the strata can be estimated with confidence given the clear imaging of matching hanging-wall and footwall stratal cut-offs. Deformation in these outer thrust slices appears therefore to be accommodated by thrust displacement and the associated folding of stratal layers. There is no difference between the restored lengths of the two marker horizons, indicating that there is no distributed strain accumulated heterogeneously in the section. Furthermore, the thickness of the two stratal layers and the intervening units is conserved from the undeformed section into and between the thrust slices. Thus, there is no evidence in these outer structures for distributed vertical stretching (layer parallel shortening). Consequently, the assumption of bed-length conservation inherent in the restoration appears valid.
In detail, the contractional structures upslope behind the lower thrust belt (14-29 on Fig. 5 ) become increasingly ambiguous. Although the two marker horizons can be traced confidently across the thrust belt, more problematic geometries arise from uncertainty in picking thrust cut-offs. Initially, this is manifest in a first-pass restoration as a cumulative mismatch on the restored section between the ramps cutting the two marker horizons (thrusts >23 on Fig. 5 ). The most upslope thrust slices (>29 on Fig. 5 ) are increasingly difficult to balance. Their seismic stratigraphy is harder to correlate across faults because the distinctiveness of the marker horizons is diminished. A number of different structural geometries satisfy the available data, and there may be further structures hindward of fault 32. The option chosen in Figure 5 is extreme, maximizing the amount of stratal length of the lower marker horizon. While creating a significant mismatch in the restored lengths of the two horizons, it inflates the required shortening value for the thrust belt as a whole. Comparing the shortening on the two marker beds therefore gives an estimate of uncertainty in the net contraction in the thrust belt. On Figure 5 , the upper (blue) horizon shows 18.5 km shortening, while the lower (green) level shows 25 km. This difference might be explained by further shortening (concentrated in the blue marker horizon) in the poorly imaged zone of transition into the extensional domain, although this suggestion is speculative and unquantifiable.
Matching Displacements: Comparison between the Extensional and Contractional Domains
It is evident that the net contraction on folds and thrusts interpreted on Figure 5 (18.5 km-25 km) cannot accommodate the value required to balance even the minimum estimate of extension (44 km). We have not considered the structure of the poorly imaged transitional domain between the extensional and contractional structures, and therefore this represents an unquantified uncertainty in our analysis. However, if de Vera et al. (2009) are correct that extension and contraction are present in the transitional domain, the net effect is likely to be small. These authors also report a mismatch between extension and contraction on the whole section line. While their estimate of shortening in the thrust belt is broadly comparable with our minimum estimate (16 km vs. 18.5 km), we consider their value of extension (24 km) to be an underestimate caused by assuming excessive amounts of pre-kinematic strata within the extensional domain. The shortfall in required stratal shortening in both studies demands another strain component to be present and implies that our routine restoration of stratal lengths is insufficient.
VOLUME LOSS AND LATERAL COMPACTION
On occasion, the presence of distributed strain to achieve a balance in deformed multilayers (e.g., Butler, 1992) has been inferred and ductile layer parallel shortening measured (e.g., Coward, 1988) in some foreland fold and thrust belts. These examples have focused on well-lithified strata. However, where lithification is incomplete, contractional deformation can include volume loss. Henry et al. (2003) estimate 12% horizontal ductile shortening based on core samples from the Nankai Figure 6 . A conceptual model for gravitational tectonics on continental margins, where the down-dip translation associated with extension higher on the slope passes into a zone where contraction is accommodated by lateral compaction and volume loss. It is possible that in some situations the contractional deformation happens without any observable thrusting or folding. subduction-accretion thrust system. Synkinematic fluid expulsion, and therefore volume loss, is evident in submarine thrust belts, especially where it is focused, for example, at mud volcanoes (e.g., Kopf et al., 2001) . Recently, models of fold-thrust development have been modified to include strain and volume loss (e.g., Gonzalez-Mieres and Suppe, 2006). Our study of the Namibia deepwater fold and thrust belt offers an opportunity to quantify these effects on a regional scale.
If the stratal contraction in our Namibian study cannot be accounted for in full, the shortfall is presumably taken up as widely distributed ductile deformation (Fig. 6 ), as calculated in Table 1 . This equates to 18%-25% longitudinal strain (or lateral volume loss) if distributed homogeneously through the entire contractional domain. This deformation presumably predated the localization of thrusts (Fig. 6 ), because thrust trajectories and bed dips, certainly for the well-imaged frontal part of the contractional domain (thrusts 1-12 on Fig. 5 ), appear unmodified by subsequent deformation. The seismic data show no evidence for minor faulting in picked horizons (e.g., Fig. 2 ) or for significant bed-thickness variations between the undeformed basin floor and thrust belt. Thus, the likely deformation mechanism accommodating this missing strain was distributed volume loss. Presumably, this strain was homogeneously developed with depth for the frontal thrusts (thrusts 1-12 balance the green and blue markers on Fig. 5 ). Heterogeneous lateral compaction (stronger in the blue horizon) may explain the mismatch between the restoration of markers toward the back of the contractional domain.
DISCUSSION
Our structural interpretation and restoration of the deepwater fold and thrust belt offshore Namibia indicates that a significant proportion of the slip required to balance the extensional displacements higher on the slope must be accommodated by widely distributed ductile deformation, most plausibly lateral compaction and volume loss (Fig. 6 ). The required values of 18%-25% volume loss are significant. We hope our investigation prompts further studies elsewhere to establish how deformation is partitioned between localized thrusting, ductile deformation, and lateral compaction, especially within poorly lithified sedimentary successions. Not only do these include other gravity-driven thrust belts but also accretionary prisms and parts of weakly buried foreland thrust belts. Our conclusions raise issues for structural analysis in these settings.
Lateral compaction renders the assumption of bed-length conservation, implicit in most theoretical descriptions of foldthrust relationships (e.g., Shaw et al., 2005) , invalid. A greater range of structural geometries exists with the additional freedom of significant distributed strain (e.g., Gonzalez-Mieres and Suppe, 2006) . In hydrocarbon exploration, the application of the established fold-thrust models has led to over-optimistic predictions of structural integrity and, hence, oil column heights (e.g., Kostenko et al., 2008) . Penetrative layer-parallel shortening and lateral compaction can lead to significant anisotropy in the poro-perm characteristics of reservoirs (e.g., Henry et al., 2003) , which will have an impact during production. It is tempting to believe that when seismic imaging is as excellent as in deepwater thrust belts (e.g., Fig. 2 ) we can recognize all the deformation. Three-dimensional data can help to resolve smaller structures and distributed strains predicted here (e.g., Bangs and Gulick, 2005) , perhaps using regional maps of seismic amplitude anomalies. The challenge lies in placing these detailed studies in their regional context so models of the kinematic evolution of the contractional domains can be tested against the deformation requirements of the whole gravitational system.
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G S A E L E C T I O N S
Dear Editor, I refer to the "Final Report" of the Congressional Science Fellow in the December GSA Today*. Mr. Szymanski's report clearly shows his bias with respect to the proposition that mankind is responsible for global warming. I also noted that the GSA is in the process of reframing its official position on global warming and its causes, a position heretofore firmly biased in the same direction as that of the Congressional Science Fellow.
I am a lifetime geoscientist whose geological training and experience have led me to examine all scientific findings with a degree of skepticism. The Saint Gore school of global warming extremists, never willing to be debated by competent scientists with a differing perception, have run aground in the light of disclosures of rigged scientific data sets. This disclosure does not really surprise me, especially when a reasonable examination of the available data (in unblemished form) requires a scientific mind to seek and test alternative explanations for global warming other than mankind's CO 2 contribution to the atmosphere.
The real shock of this exposure is the revelation of intentional data rigging by alleged professional climatologists-and among them, their geologist fellows. Have we, in our search for the truth, become so susceptible to political pressures-and financial rewards-that we are quite willing to engage in the prostitution of our science? What becomes of our profession if we fail to cleanse our ranks of those who freely engage in intentional falsification of data and their interpretation? I, for one, desire to be disassociated with such charlatans and to be counted by my fellow Americans as a searcher for the truth who can be counted on to cling to our professional standards. 
DESCRIPTION
A sequel to the 1995 Penrose meeting, "The Tectonic Development of the Canada Basin and Surrounding Basins," also held in Banff, this conference turned out to be much more than a simple update. In October 2009, 59 scientists from the U.S., Canada, Russia, England, Sweden, Norway, Australia, Germany, and Denmark came together to present new data and new ideas concerning the tectonic development of the Amerasia Basin. Fifteen participants attended the original 1995 meeting, including three of the conveners, and nine of the attendees were graduate students. As with the 1995 meeting, generous sponsorship was much appreciated from industry; 2009 contributors included BHP, BP, ConocoPhillips, ExxonMobil, Shell, and ION GX Technology. Because of this support, registration fees for graduate students were waived and were substantially reduced for all other participants.
The amount of new data from the Amerasia Basin is staggering, yet there is still no clear-cut answer to how or when the Amerasia Basin developed. Looming United Nations Convention on Law of the Sea [UNCLOS] claims for additional Arctic territory have spurred a substantial amount of new and ongoing research, including the spectacular new multibeam data presented by Larry Mayer and brand-new seismic reflection data presented by Ruth Jackson, Debbie Hutchinson, and others.
Different aspects of the Amerasia Basin were emphasized each day-Monday: ridges and highs; Tuesday: the continental margins; Thursday: shelves and basins; and Friday: resource perspectives, including some extremely interesting but differing views from industry participants. A one-day field trip on Wednesday, exploring the folding and thrusting of the Canadian Rockies, was ably led by Clint Tippett of Shell Canada Ltd. The resource perspectives session included Steve Bergman of Shell, who reprised his presentation from 1995 with new insights into the evolution of the region. It was very clear that his ideas had changed substantially. He was followed by quite different interpretations of the tectonics and the evolution of the Arctic by Steve Matthews of BP, Steve Creaney of ExxonMobil, and Jim Dietrich of the Geological Survey of Canada. The meeting ended with an update from Bernie Coakley on future Arctic drilling targets and possibilities. He made the point that many of the unanswered questions about the tectonic evolution of the Amerasia Basin will only be decided with targeted drilling.
Highlights
SUMMARY
In the early 1990s, there were a number of differing models concerning the tectonic evolution of the Arctic. The intervening years have actually resulted in less agreement as to the nature and age of the Arctic Ocean crust. The Chukchi Borderland and the major trans-basin ridges, the Alpha and Mendeleev ridges, present obstacles to a simple rotational opening of the Canada Basin as originally proposed by Warren Hamilton and Irv Tailleur. It is generally agreed, and new seismic refraction and gravity data confirm, that at least parts of the Chukchi Borderland are continental, but there is still major disagreement concerning the nature of the Alpha and Mendeleev ridges. Previously, there was not much question concerning the oceanic nature of the deeper parts of the Amerasia Basin even if there had been little agreement concerning the age of the seafloor. Now, there are several theories regarding the nature of the deeper seafloor, ranging from oceanic, to transitional, to continental for more than just the shallower parts of the Alpha and Mendeleev ridges. The gravity signature of a probable abandoned spreading center in the Canada Basin trending toward the Mackenzie Delta region is asymmetric, based on new seismic profiles, with greater depth-to-basement toward the Canadian margin. The regional distribution of these new profiles, combined with over 90% of 82 sonobuoys recording converted crustal shear waves, will produce a regional distribution of the continental, transitional, and oceanic crustal affinities, and these new data will undoubtedly provide constraints for the various plate tectonic scenarios.
Even though a great deal of fundamental work has been accomplished since 1995, it has not provided the expected easy answers. The 2009 Penrose Conference focused thoughts on tectonic models and exposed some areas of basic knowledge that need work. Offshore, this includes the nature of the plate boundary between the Lomonosov Ridge continental fragment and the Amerasia Basin, the nature of the other basin margins (is the North Greenland margin strike-slip?), the age of the oldest sediment in the Canada Basin, ages and sources of intrusives both in the basin itself and along its margins, and the true nature of the Alpha and Mendeleev ridges, a subject still controversial after all these years and now even more important given pending UNCLOS claims. There was universal agreement that more data of all types are needed, including seismic and denser coverage of the aeromagnetic data. Onshore, circumArctic margins require more detailed mapping and sampling. These vast, remote, and consequently poorly studied regions often provide real "value for money" since the field investigations needed to understand age-relationships, to identify piercing points and sutures, to link on-shore with off-shore geology, etc., are often less costly than their marine counterparts.
The conference also provided a forum to develop new ideas and to coordinate future work and joint investigations.
New investigations are planned for the Brooks Range and Yukon regions, Ellesmere Island, northeast Greenland and Baffin Bay in North America, and for Taimyr and Chukotka in the Russian Arctic. A clear need was expressed for more data from the Arctic Islands (e.g., Wrangel, New Siberian, and DeLong Islands). Seismic data over the shelf regions are necessary to connect on-shore with shelf and island geology, and to link this to the deep basin-critical to unraveling the mysteries of the Amerasia Basin. New initiatives, such as the Circum-Arctic Lithosphere Evolution (CALE) project being coordinated by V. Pease, will specifically address this topic over the coming five-year period. It was also clear that many of the unanswered questions about the tectonic evolution of the Amerasia Basin will only be decided with targeted sampling cruises-the need for sample material means that future Arctic drilling initiatives are a definite priority.
Although we may be close to a breakthrough in understanding the tectonic development of the Amerasia Basin with the integration of geological, geophysical, and geochronological observations combined with modeling and interpretation, we are not there yet. Mikhail Kos'ko does not think he can wait another 14 years for the next meeting and hopes that we can reconvene in perhaps eight years from now. As we know, the Amerasia Basin and the surrounding region will not give up their secrets easily.
POSITION STATEMENT
The Geological Society of America (GSA) affirms the value of diverse ideas and the connection between diverse ideas and the diverse group of contributors of those ideas, including those who comment and criticize.
PURPOSE
This position statement (1) summarizes the consensus views of GSA regarding the importance and value of diversity; (2) provides information that is intended to raise awareness among geoscience professionals implementing those policies and evaluating the short-and long-term consequences; and (3) encourages geoscientists to participate in implementing suitable diversity practices at local, regional, state, and national levels.
RATIONALE
Diversity, in today's lexicon, generally refers to variety in race or ethnicity, gender, religion, age, sexual orientation, marital status, national origin or ancestry, education, class, and physical and mental abilities. The concept of diversity is complex and has both positive and negative connotations. On the positive side, the variations found among humans collectively speak to a richness of resources, perspectives, and experience. A diverse Society membership (or workforce) is usually more capable, insightful, responsive, and dynamic than one that offers very little contrast. On the negative side, some see unfamiliar characteristics as unsettling, threatening, objectionable, distasteful, unpleasant, or offensive. Such reactions often lead to judgments based on perceived identity rather than on the merits of the individual. These can, ultimately, lead to exclusion.
It is critical that GSA enhance its diversity-philosophically and operationally-thereby maximizing the benefit to both its individual members and to the organization. This will optimize GSA's ability to serve society as a whole. GSA must vigorously and proactively reject prejudice and stereotyping wherever it is encountered in our profession, while actively promoting a diverse workforce.
During these times, our science must be justified and relevant to achieve a positive standing in performance and value to the community. There is increased scrutiny of scientists and scientific organizations regarding societally relevant issues and how they are addressed. Cultural variety supports diverse points of view and diverse positions on issues. Awareness of and respect for these issues-related to geoscience or not-is important in achieving solutions to problems that work well for all of those affected. Through integration of individual perspectives and diverse backgrounds and cultures, coupled with critical thinking, analysis, and problem solving, issues can be identified and a full range of possible solutions can be considered.
The GSA community is dedicated to maintaining an organizational climate where diverse ideas are welcomed. GSA intends to foster an open forum for discussion and exploration by geoscience professionals of varied personal backgrounds-reflecting differences in culture and origin and rejecting prejudice and stereotyping. Diverse perspectives are important and necessary for responsible, effective decision making and leadership. Other benefits of a diverse profession include increased options in attracting the best and brightest minds into the field and communicating with and educating the public ("Earth literacy").
PUBLIC POLICY ASPECTS OF DIVERSITY AND DERIVED BENEFITS
Mutual respect is key to successful diversity policy. The GSA community is dedicated to enacting codes of conduct that include demonstrating professionalism toward all colleagues. Within a diversity effort, groups might "allow" participation but still ignore certain members (or worse, be disrespectful to them directly or about them to others). Respect (treating others with courtesy and dignity; self awareness; sensitivity to the interpretation and potential impact of communications and actions; and appreciation and valuing of differences) is needed before participation and progress toward true inclusion can occur.
One key benefit of diversity is the opportunity posed by a rich cultural mixture, along with the idea that there is no single "right way" to do things. Openness to wide-ranging ideas and pathways to progress is the life-blood of science. Who can know the origin of an idea? What nuances of a person's upbringing, cultural milieu, education, social interactions, and ethnicity may lead to an advancement of human knowledge?
It is important to remember that the geosciences have a significant service function; GSA's ability to serve will be enhanced through the active, engaged participation of a diverse membership. A diverse membership will also create an environment that encourages new members to join the Society, enhancing GSA's growth and potential for advancement.
Another benefit of a diverse workforce is the achievement of more complete societal support for the earth sciences. As more groups become more engaged in the earth sciences, and as their knowledge and appreciation increases, there is a likelihood that the earth sciences will be more strongly supported and that citizens will make better choices regarding Earth issues.
RECOMMENDATIONS
This GSA Position Statement on diversity addresses both GSA staff and membership; headquarters activities, meetings, and special functions; and the role of GSA and its members in their larger communities. In this latter regard, the statement challenges the
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D R A F T D R A F T
membership and all GSA units to deal with the complexity of issues related to diversity in their home institutions, whether they are academic, governmental, non-profit, or industry.
GSA is committed to making Earth literacy available to all and to having geoscience professionals, including its membership, reflect population diversity, and will undertake reasonable efforts to ensure that its activities are open to all. Although it is noted that a diverse climate cannot be achieved through rules, it can be encouraged and nurtured through processes that educate leaders and participants on the benefits of and pathways to equity and balance.
Implementation of the following recommendations is a major element in achieving the goals of this Position Statement. It includes elements that GSA, as an organization, and particularly its leadership (Council and the Executive Director), need to address, and elements that individual members (in their GSA-related activities and otherwise) are herein challenged to employ. Those elements include
• Current Status-There is a lack of quantitative and qualitative understanding of the current status of diversity-related issues and conditions in, and associated with, GSA. This needs to be addressed by GSA in a structured, timely, and ongoing manner.
• Corrective Actions-GSA must commit to addressing organizational gaps or deficiencies identified in the status analysis. This includes encouraging specific actions by individual GSA members or GSA as an organization.
• Assessment-This Position Statement defines the "yardstick" that may be used to measure progress as GSA and its members begin the implementation process. What benchmark should be used to measure diversity in GSA? Commonly used demographic parameters are a starting point, but this effort calls for broader sociological and ethical metrics that align with the objectives posed, along with utilizing the specialized expertise needed to make the assessment.
• Dissemination-Implementation includes GSA's commitment to establishing and engaging a plan for disseminating its position on diversity throughout the membership and promoting both increased communication and increased advocacy to support the actions of members toward achieving the goals posed by this Position Statement.
OPPORTUNITIES FOR GSA AND ITS MEMBERS TO HELP IMPLEMENT RECOMMENDATIONS
To facilitate implementation of the goals of this Position Statement, GSA recommends the following actions to increase the involvement of geoscientists in local, regional, statewide, and federal diversity policy decisions:
• Seek opportunities to communicate effectively the value of a diverse workforce and of implementing suitable diversity practices to all levels of government, to private industry, and to academia. GSA members are encouraged to work with print, electronic, and broadcast media in promoting the value of rational approaches for addressing critical diversity issues. Members who engage with diversity issues are encouraged to share their experiences at GSA meetings. If possible, it is beneficial to provide local examples of where efforts to promote a diverse workforce or implement diversity practices have been successful.
• Seek opportunities to communicate effectively the value of a diverse workforce and of implementing suitable diversity practices with community groups. The public must be able to respond in an informed manner to diversity decision making that potentially can have detrimental effects; thus, there is a growing need for the public to be educated about the value of diversity.
• Participate in professional forums and town hall meetings for open community discussions on the importance of a diverse workforce and implementing suitable diversity practices. Discussions should emphasize the value of rational information for diversity and its sustainability outcomes.
• GSA should provide readily accessible print, Web, and personnel resources to members that support geoscientists' communications with decision makers regarding the value of a diverse workforce and implementing suitable diversity practices. Considerable expertise and resources are available to members through GSA's Geology and Public Policy Committee and GSA's Geology and Society Division. GSA expertise can help members participate in policy decisions regarding diversity by creating talking points on common diversity problems and providing examples of how they can participate in diversity decisions by becoming members of relevant decision-making bodies. It is important that GSA and its members identify legislation that affects diversity and alert the Geology and Public Policy Committee, Geology and Society Division, and GSA's Associated Societies if action by the GSA membership and affiliated organizations can help improve the rational basis for diversity decisions. The Geology and Public Policy Committee, Geology and Society Division, and Director for Geoscience Policy, often working with GSA members, can also bring this Position Statement to the attention of lawmakers when legislation affects diversity.
• GSA can raise awareness of diversity issues by publishing articles on the links between diversity and geoscience policy, planning, and management decisions.
ROY J. SHLEMON MENTOR PROGRAM IN APPLIED
GSA Foundation Update
Donna L. Russell, Director of Operations
In 1933, R.V. Anderson received the first Geological Society of America research grant, using it to study the geology of the coastal Atlas Mountains in western Algeria. Seventy-seven years and 9,186 grants later, GSA's Research Grants Program is still growing and providing young scientists with muchneeded funding.
The origins of many important discoveries and advances in earth science may be traced to GSA grants, and these grants have often supported the early work of now-prominent earth scientists-men and women who have moved the science into new dimensions or found the answers to questions that persistently puzzled a generation of workers. At the start of their careers, many Penrose (the award that has been called the Nobel Prize of geology) and Day medalists received GSA research grants, and before they became Society presidents, several of GSA's leaders received financial support from GSA's Research Grants Program.
GSA gained the funds to support research beginning in 1931 with the receipt of a bequest of US$3,900,000 from R.A.F. Penrose, an endowment that has financed Society activity in research and publications ever since. However, the demand for research money is expanding, while customary sources, such as government and industry, are being restricted. While the Society has been able to fund a larger portion of the requests for research assistance each year, the available dollars are not enough to cover them all. GSA's ability to provide this funding must increase if we are to continue to have a strong flow of young talent and bright ideas into the earth sciences and thus uphold our mission to support the profession. GEOSTAR augments GSA's Research Grants Program. This fund was created in 1987 with a US$10,000 gift from Leighton & Associates, a California engineering geology consulting firm. Currently, the net assets of GEOSTAR are about US$250,000; however, the Foundation needs to increase the balance substantially in order to provide funding for research grants.
Contributions to GEOSTAR from individuals, industry, and institutions are vital-please be generous with your support and help a young geoscientist! Send a check to the GSA Foundation, 3300 Penrose Place, Boulder, CO 80301, USA, using the coupon below; donate online at gsafweb.org; or call +1-303-357-1054 to make a donation over the phone.
GSA Section Meetings
Stop by the Foundation Booth at GSA's Section Meetings this spring. Among other items of interest, we will have information available on GSA student opportunities. 
Funding for GSA's Research Grants Program
C L A S S I F I E D A D V E R T I S I N G
Opportunities for Students
2 010 G r a d u a te S t u d e n t G r a n t Pr og r a m , T h e Spackman Award. The Society for Organic Petrology ( TSOP) invites applications for graduate student research grants, the Spackman Award. The purpose of the grants is to foster research in organic petrology by providing support to graduate students from around the world.
Size of the Spackman Award: Monetary awards up to a maximum of $1,000.00 US will be granted. All applicants are invited to enjoy a year's free student membership in TSOP.
Use of the Spackman Award: Grants are to be applied to expenses directly related to the student's thesis program, such as fieldwork, laboratory analyses, etc. A portion (not to exceed 25%) of the funds may be used to attend TSOP Annual Meetings. Funds should not be used to purchase capital equipment, to pay salaries, tuition, room, or board during the academic year. Funds must be spent within 18 months of receipt of the award.
Application deadline: TSOP Spackman Award application deadline is 15 May 2010. Grants will be awarded in September 2010.
Detailed information and an application form are on the TSOP Web site: www.tsop.org/grants.htm or applications may be obtained from: Prof Colin Ward, Chair, TSOP Research Committee, School of Biological, Earth and Environmental Sciences, University of New South Wales Sydney, NSW, 2052, Australia; c.ward@ unsw.edu.au.
Grad Student Oppor tunit y: Paleontology Field
A s s i s t a n t . T h e S t a n d i n g R o c k S i o u x Tr i b e's Paleontology Department will be hiring 1-2 graduate students in geology or paleontology to serve as a summer field assistant. The applicant should have prior field paleontology experience and knowledge of field methods. Experience in the Hell Creek Formation a plus. Must be able to work outside in hot, dirty, dusty conditions and carry heavy loads. Must have a valid driver's license. Position begins 24 May and ends 13 August. Start/end dates flexible. Duties include but are not limited to: fossil prospecting, geological mapping, excavating, fossil preparation, camp upkeep, supervising less experienced field assistants, managing and organizing field notes, and acquiring supplies. For more information or to submit a resume, contact Joe Monks at jmonks@ standingrock.org. the EPS Web site: http://www.eps.harvard.edu/icb/ icb.do?keyword=k58621&pageid=icb.page252929. Applications should include (i) a cover letter that discusses how this position would fit into the applicant's career trajectory; (ii) the names and addresses of three referees;( iii) a CV; and (iv) a statement of teaching experiences and philosophy. The three letters of recommendation should be submitted separately and at least one letter must discuss the applicant's experience with teaching, administration skills, and other educational work.
Harvard is an Equal Opportunity/Affirmative Action employer. Applications from women and minorities are strongly encouraged.
EDUCATION AND OUTREACH DIRECTOR, UNAVCO
We seek a visionary leader to sustain and enhance the Education and Outreach (E&O) Program at UNAVCO, a university consortium and NSF geodesy facility supporting geoscience research and education. UNAVCO E&O enjoys national recognition for excellence. The program portfolio includes short courses and workshops for research and education, strategic support to scientists in developing broader impacts, in-residence programs for geodesy science community members and educators, professional development in geosciences for K-12 faculty, and RESESS student internships for diversity and workforce development. The successful candidate will lead the UNAVCO community in promoting understanding of geosciences, fostering collaboration between scientific and educational communities, and increasing the number and diversity of students who will become the next generation of geoscientists, while serving on the UNAVCO Senior Management team. Screening begins 11 March 2010, and continues until the position is filled. To learn more and to apply, visit www. unavco.org. UNAVCO is AA/EEO Institution. The successful candidate is expected to develop a creative and productive research program in mechanical earth modeling and related areas. This research should be independent and interdisciplinary/interdepartmental. Developing contacts with industry and research centers is encouraged. The appointee is expected to teach at the undergraduate level in mechanical earth modeling and related areas, and to develop graduate level course(s) in his/her area of specialization. Supervision of graduate students, student advising, participation in outreach programs, curricular development, and performance of university service are expected.
PETROLEUM ENGINEERING MISSOURI UNIV. OF SCIENCE & TECHNOLOGY GEOLOGICAL SCIENCES & ENGINEERING DEPT. ASSISTANT PROFESSOR
Missouri S&T is the technological campus of the University of Missouri system. There are approximately 6800 students (5200 undergrads, 1600 grad students) in 65 different degree programs. Missouri S&T was ranked 45th overall and 12th among public universities by American high school counselors in the US News and World Report "America's Best Colleges 2009," and a "Top 20 STEM Research University" by Academic Analytics (January 2008). The Geological Sciences and Engineering department consists of 19 faculty, over 300 undergraduate, and over 50 graduate students in Geology, Geophysics, Geological and Petroleum Engineering.
For additional information (but not to submit applications) contact Dr. Ralph E. Flori, Head of Petroleum Engineering, 318 McNutt Hall, Rolla, MO 65409; reflori@ mst.edu; +1-573-341-7583.
Applications should be received as soon as possible and review will continue until the position is filled. Please submit application and vitae to Human Resource Services, Reference Number: R00050335, Missouri Field schools have long been a mainstay of geoscience education. They offer an intensive, hands-on experience while using classroom and laboratory knowledge to solve geological problems. The Second Annual GSA-ExxonMobil Bighorn Basin Field Award offers up to 20 undergraduate students and five faculty members a no-cost, high-quality educational experience in the spectacular Bighorn Basin of north-central Wyoming, USA. All transportation, meals, and living expenses are included.
The Integrated Basin Exploration Field School provides an opportunity to study excellent exposures of individual hydrocarbon system play elements, such as source, seal, reservoir, and structure, within a prolific hydrocarbon basin. For more than a century, the Bighorn Basin has been a focus of study because of its exceptional outcrop exposures and subsurface borehole and seismic data. This is not, however, a course on the detailed geology of the Bighorn Basin. Instead, using the Bighorn Basin as a natural laboratory, participants will explore the concepts, methods, and tools of petroleum geoscience. Discussions at the outcrop and in the classroom will focus on how decisions are made with limited data and how critical information is identified in order to evaluate risk versus uncertainty.
The importance of integration across disciplines and scales is stressed throughout the course, which will cover fundamental geoscience skills in structure, stratigraphy, and geochemistry, as well as basin formation, fill, and evolution processes and their interaction to create play elements from regional to prospect scale. Discussions will include consideration of plate motions, paleogeography, sequence stratigraphy, structural deformation, sedimentology, rock properties, subsurface imaging, burial history, and fluid migration. By the end of the field school session, teams will generate play element maps, play summary charts, cross sections, and play fairway maps. The highlight of this course is the presentation of these ideas to the group and the ensuing discussions about how these ideas and play assessments could be further developed.
The school is centered in Cody, Wyoming, surrounded by the Beartooth Mountains, Rattlesnake Mountain, Cedar Mountain, Heart Mountain, and the McCulloch Peaks. Participants will work in teams of four students and one faculty member, and the majority of the course is field-based, supplemented by lectures and exercises in the classroom. To subscribe, contact gsaservice@geosociety.org, or call +1-888-443-4472, or +1-303-357-1000, option 3.
GSA-ExxonMobil
BIGHORN BASIN FIELD AWARD
Journal Highlights
GSA Journals online:
GSA Publications in the News
The media releases GSA produces for all of its journals (and books) often lead to extended coverage of research articles in GSA publications, which means greater visibility for your research.
Last year, GSA's publications were covered by hundreds of media outlets, including Nature, The Discovery Channel, National Geographic, The New York Times, National Public Radio, U.S. News and World Report, and USA Today. And coverage was multinational, with articles in German, Portuguese, Slovak, Russian, and Chinese.
Want to learn more? Visit our journal home pages and click on the In the News links.
